Polyaniline nanofibers and their composite with graphite have been synthesized by a simple chemical polymerization method. Polyaniline nanofiber graphite composites with a thickness of 1 mm exhibit excellent electromagnetic interference (EMI) shielding of above 80 dB in the frequency range of 8.2-18 GHz. EMI shielding fabrics of 0.1 mm thickness based on polyaniline nanofibers and their composite have been developed by an in situ polymerization route. These fabrics combine the properties of polyaniline nanofibers as well as their composite and fabrics (cotton and nylon). The developed functional fabrics with 0.1 mm thickness exhibit EMI shielding effectiveness in the range of 11-15 dB in the 8.2-18 GHz frequency range. Optical and scanning electron microscopy studies indicate the uniform coating of the polyaniline nanofibers over the individual fibers and interweave regions. Thin and flexible shielding materials suitable for a broad range of millimeter-wave shielding applications have been developed using this simple and potentially profitable method. Polymer Journal advance online publication, 4 January 2017; doi:10.1038/pj.2016.121
INTRODUCTION
The recent growth of electronics and instrumentation around the world has caused electromagnetic interference (EMI), which is now becoming a vital concern in the millimeter-wave frequency ranges. EMI is a form of electromagnetic pollution that can cause disturbances, including faulty operation of appliances or leakage of information. Exposure to electromagnetic waves (EM) can also affect human health. EMI can cause adverse effects on all contemporary electrical and electronic systems, from those used in daily life to those applied in space exploration, and can result in losses of money, energy, time and even life. [1] [2] [3] Hence, there is an urgent need for suitable and efficient EMI shielding materials for millimeter-wave applications. Various methods have been employed to develop lightweight and efficient EMI shielding materials to increase the device lifetime and efficiency. Shielding against EMI is achieved by reflection or absorption or a combination of the two mechanisms. Low-frequency EM radiation can be shielded against by reflection mechanism, whereas millimeter waves can be attenuated by absorption. Millimeter-wave EM absorbers are an important area of current research due to their growing demand in various spheres of life. Moreover, thin and flexible shielding materials can provide the additional benefits of being user-friendly, inexpensive and able to be used on surfaces of all shapes. Conductive fabric-based shielding materials can serve these purposes. These materials can provide flexibility, excellent formability and mechanical properties, EM discharge and EMI protection, RF interference protection, and thermal expansion matching while also being lightweight. [4] [5] [6] The recent primary applications of conducting fabrics include filters, EMI shielding materials, and antibacterial and flame-retardant materials. 7 These fabrics can find applications as shielding materials in aerospace and the military, electronics and medical equipment. They can provide grounding, shielding and electromagnetic compatibility to radio frequency interference from ground sensitive electronic components and boards, cables, sensors, FM/AM radios, wireless phones, cellular phones and computers that operate at up to 1000 MHz frequency. Fabrics with low EMI shielding effectiveness (SE) value, less than required for commercial EMI shielding applications, are suitable for shielding electrostatic discharge (ESD). 3, 8, 9 Traditional EMI shielding materials rely on metallic materials to effectively shield against unwanted radiation. Gupta et al. 10 reported hybrid woven fabrics having a stainless steel/polyester composite yarn of a thickness of approximately 0.4 mm with an EMI SE of 31 dB in the frequency range of 8-18 GHz. Metal coating is another approach to obtain good shielding materials. Shinagawa et al. 11 performed the electroless plating of Cu and Ni on paper and synthetic pulp. The metal-coated paper exhibits 40 dB SE between 10 MHz and 1 GHz. Kumar et al. 12 reported an EMI SE of 58.7 dB for carbon-copper (C-Cu) nanocomposites produced by coating nanocrystalline Cu on heat-treated polyaromatic hydrocarbons of 2-mm thickness in the Ku-band frequency range. Perumalraj and Dasaradhan 13 prepared fabric from a nickel-plated copper core conductive yarn with an EMI SE of 25-45 in the frequency range of 200-1000 MHz. Carbon-based shields are also widely used due to their flexibility, corrosion resistance, lightweight and formability. [14] [15] [16] [17] [18] [19] Non-woven polyester and knitted cotton fabric coated with multiwalled carbon nanotubes, multiwalled carbon nanotubes+silver nanoparticles, multiwalled carbon nanotubes+nickel-coated carbon fibers and nickel-coated carbon fibers of 100-200-μm thickness show EMI SE values in the range of 9-19 dB at 1 GHz. 20 Hence, the current technology uses mainly metal/carbon shielding, which can provide excellent EMI SE. In spite of their superior shielding performance, metal-coated fabrics have many drawbacks such as reduced wear and scratch resistance, poor mechanical properties, high rigidity, heavy weight, corrosion susceptibility, processing cost and shielding predominantly by reflection. On the other hand, the use of carbon fillers exhibits problems of cost, sloughing, and health and long-term environmental issues that limit their application as shielding materials for many practical applications. 4, [21] [22] [23] Magnetic structures can exhibit effective absorption in the high-frequency range due to their high magnetization, but their weak magnetocrystalline anisotropy decrease in permeability due to ferromagnetic resonance, and eddy current losses induced by EM waves at high frequencies, especially in the gigahertz region, limit their application for EM wave absorption. Hence, proper modification of the magnetic fillers is needed to achieve good shielding performance. [24] [25] [26] Intrinsically conducting polymers with finite conductivity and non-transparency to microwaves can provide an attractive solution to solve this problem and deliver a new generation of EMI shielding for many millimeter-wave applications. [27] [28] [29] [30] [31] [32] Notably, the conducting polymer polyaniline and its composites are garnering considerable attention because of their attractive electrical, thermal and mechanical properties as well as low density, tunable conductivity, non-corrosiveness, nominal cost, ease of synthesis, shielding by absorption rather than reflection, better ESD and environmental stability, resulting in their potential use in the full range of techno-commercial applications. 28, [33] [34] [35] [36] Hence, polyaniline can have a future critical scope in the communications industry as a shielding material. 36 Despite such exciting properties, its commercial utility is limited due to its poor mechanical properties, which result from the rigid characteristics imbued by the chemical conformation of its benzene rings. 28, 37, 38 Several efforts have been made to design a conducting polymer as a flexible and extensive-area EMI shield. [39] [40] [41] A simple approach to obtain thin and flexible shielding materials based on conducting polymers such as polyaniline is by developing conducting fabrics. Such materials combine the mechanical properties, stretch and flexibility of fabrics with the conductivity of the polymer and have been reported to be suitable for many applications in the electronics and communications industry. 3, 22, 28, 31, [42] [43] [44] [45] [46] Polyaniline-based fabrics have been reported for appropriate applications such as fibrous sensors, smart clothing and EMI shielding, as well as antistatic discharge applications such as the packaging of microelectronic devices. 22, 23, 31, 44, 45 These fabrics can be used as EMI-shielded cloth for concerned persons and radar shields in the military as well as heat-generating fabrics for devices. 23 Such fabrics can be prepared either by coating conducting polymers or by the in situ polymerization of various monomers. 7 All reported preparation protocols of conducting fabrics based on polyaniline involve many surfactants and solvents, as well as a tedious preparation process, which make it less economically viable. 22, 23, 31 Hence, cheap, thin and flexible EMI shields are needed for present and future applications in the communications and electronics industry. The present work is an attempt to develop EMI shielding conducting cotton and nylon fabrics based on polyaniline nanofibers and their composites by a simple in situ polymerization route. The synthesis method involves no surfactant or chemical solvent and yields polyaniline nanofibers of excellent conductivity and EMI shielding effectiveness. 47 The fibrillar morphology of the synthesized polyaniline provides an added advantage to the flexibility and stability of the developed fabrics. The polyaniline nanofiber composite was prepared by the addition of graphite flakes (Gp) during the polymerization of the polyaniline nanofibers.
EXPERIMENTAL PROCEDURES Synthesis
Synthesis of polyaniline nanofibers and polyaniline nanofiber graphite composite. The polyaniline nanofibers (P) were synthesized by the polymerization of aniline hydrochloride monomers (Alfa Aesar, Ward Hill, MA, USA) using ammonium persulfate (Aldrich Chemical Company, Inc., Milwaukee, WI, USA) as the reducing agent. The synthesis was achieved by the dropwise addition of ammonium persulfate dissolved in 1 M HCl into an aniline hydrochloride solution in 1 M HCl at an oxidant monomer molar ratio of 1.15 at room temperature. The reaction mixture was kept stable for 36 h to facilitate the growth of uniform polyaniline nanofibers. The resulting green precipitate was filtered and washed with water and methanol to remove excess acids and by-products from the polymerization. The obtained green powder was then dried in a vacuum oven at 60°C for 24 h. 43 The graphite filler incorporated polyaniline nanofiber composite (GpP) was prepared in a manner similar to that of pure polyaniline nanofibers with the additional component of graphite flakes (Gp Carborundum Universal, Ltd, Mumbai, India). The molar ratio of aniline hydrochloride to filler (Gp) in the preparation of GpP was 1:4, that is, approximately 2.3 weight% (wt.%) Gp in P.
Synthesis of polyaniline nanofibers and their graphite composite-based cotton and nylon fabrics. The polyaniline-based fabrics were prepared by the in situ polymerization of aniline hydrochloride. The cotton or nylon fabrics were dipped in the aniline monomer solution for 24 h, and the polymerization was carried out by the dropwise addition of ammonium persulfate followed by keeping the reaction mixture stable for 36 h, similar to the synthesis of the polyaniline nanofibers, 47 as schematically represented in Figure 1 . The formation of the coating of polyaniline nanofibers on the surface of the fabrics during the polymerization was marked by the appearance of a green color. The fabrics were removed from the solution, washed with methanol and dried in a vacuum oven at 60°C for 24 h.
Characterization
The phase formation was determined using an X-ray diffraction (XRD) pattern using CuKα radiation (X'Pert PRO MPD X-ray diffractometer; PANalytical, Almelo, Netherlands) in the 2θ value range of 10-90°. The morphologies of the synthesized polyaniline nanofibers and composite were studied using a transmission electron microscope (FEI Tecnai-G2 30S-TWIN; FEI Company, Hillsboro, OR, USA). The ultraviolet-visible absorption of the polyaniline nanofibers and their graphite composite was measured using a Shimadzu 3600 UV-vis-NIR spectrophotometer. The photographic images were recorded with a digital camera (Sony, × 10 optical zoom, 16 M pixels, Tokyo, Japan) and the visual images by optical microscopy (Leica, MRDX, Wetzlar, Germany). The surface morphology of the fabrics based on the synthesized polyaniline nanofibers was analyzed using a scanning electron microscope (SEM, JEOL, JSM-5600LV, Tokyo, Japan). The EMI shielding measurements were performed by the waveguide method, connected to a vector network analyzer (Agilent Technologies, Mississauga, ON, Canada, E5071C, ENA series, 300 kHz-20 GHz, CA) with samples of dimensions 22.86 × 10.80 mm for the X-band (8.2-12.4 GHz) and 15.80 × 7.90 mm for the Ku-band (12.4-18 GHz) frequency ranges. The polyaniline nanofibers and their composite were pressed into a sample of thickness 1 mm for the EMI shielding measurements.
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RESULTS AND DISCUSSION
The cotton fabrics based on the P and GpP composites are designated PC and GpPC, respectively, while the corresponding nylon fabrics are designated PN and GpPN, respectively. The XRD patterns of the polyaniline nanofibers (P) and polyaniline nanofiber graphite composite (GpP) are depicted in Figures 2a and b , respectively. Figures 2d and e depict the XRD pattern of pure cotton fabric (C), as well as those of polyaniline nanofiber and polyaniline nanofiber graphite composite-based cotton fabrics, respectively. The polyaniline nanofibers have peaks at 2θ values of approximately 11°, 15°, 20°and 25°. The presence of the crystalline phase of the polyaniline nanofibers indicates the metallic conductive state. 48 The peaks observed near 15°a nd 25°are crystalline peaks and that observed at 20°is the amorphous peak of polyaniline. 49 The XRD pattern of the polyaniline nanofiber graphite composite (GpP) clearly reveals the presence of graphite in the polyaniline nanofiber matrix. It also indicates that the interactions between the polyaniline nanofibers and graphite are purely physical. The diffraction peaks observed in the XRD pattern of the pristine cotton fabric are related to the crystalline structure of cellulose I. [50] [51] [52] The peaks of the polyaniline nanofibers are not clearly visible in the XRD pattern of the polyaniline nanofiber and polyaniline nanofiber graphite composite-based cotton fabrics, as they overlap with the high-intensity peaks of the cotton fabrics. The peaks can be seen when carefully examining the XRD patterns and are marked for greater clarity. The peaks at 2θ = 26.5°in the XRD pattern of the polyaniline nanofiber graphite composite-based cotton fabrics correspond to the graphite phases from the (002) reflection and indicate the good coating of the polyaniline nanofiber graphite composite over the cotton fabrics. 53 The successful growth of the polyaniline nanofibers and polyaniline nanofiber graphite composite can be seen from the HCl .
. HCl Figure 1 Schematic representation of the preparation of functional cotton and nylon fabrics based on polyaniline nanofibers and their composite. A full color version of this figure is available at Polymer Journal online.
Functional cotton and nylon fabrics as millimeter-wave absorbers N Joseph et al XRD patterns shown in Figures 2d and e . Similarly, the XRD patterns of pure nylon fabrics (N) and polyaniline nanofiber and polyaniline nanofiber graphite composite-based nylon fabrics are presented in Figures 2f-h , respectively. 54, 55 Compared with the XRD pattern of pristine nylon fabrics, a few new peaks corresponding to the polyaniline nanofibers and polyaniline nanofiber graphite composite are observed in the XRD pattern and are marked. This clearly demonstrates the presence of the polyaniline nanofibers and polyaniline nanofiber graphite composite on the nylon fabrics. The growth of the polyaniline nanofibers and polyaniline nanofiber graphite composite on the fabrics (both cotton and nylon) is evident from their XRD patterns and from the green color of the coated fabrics shown in the photographic images (Figures 4b and d) .
Figures 3a-c depict transmission electron microscopy images of the graphite flakes, polyaniline nanofibers and polyaniline nanofiber graphite composite, respectively. It is evident from the figure that the graphite has a flake-like morphology of a few nanometers in thickness, while the polyaniline nanofibers exhibit a fibrillar morphology of approximately 200 nm in diameter. The transmission electron microscope image of the polyaniline nanofiber graphite composite (Figure 3c) indicates that a conducting polyaniline nanofiber composite is obtained by the uniform distribution of graphite filler in the polyaniline matrix.
The solid-state absorption spectra of the polyaniline nanofibers and polyaniline nanofiber graphite composite are shown in Figure 3d . There are two bands attributed to the π-π* transition within the benzenoid segment and n−π* transitions within the quinoid structure. This indicates the presence of localized polaronic states such that the synthesized polyaniline nanofibers are in the emeraldine salt form. 47 A slight shift can be observed in the bands of the ultraviolet-visible spectra of the polyaniline nanofiber graphite composite, which may be due to the formation of a charge transfer complex between the doped polyaniline nanofibers and graphite. 56 This eventually leads to good conductivity as well as high EMI shielding efficiency in the composite. Hence, the presence of graphite impacts the conductivity and hence the EMI shielding property of the polyaniline nanofibers.
Photographs of the pristine and polyaniline nanofiber grown fabrics are shown in Figures 4a-d . The pristine cotton (Figure 4a ) and nylon (Figures 4c) fabrics are white, but after the growth of the polyaniline nanofibers, the colors of both fabrics change to green, as shown in Figure 4b and d, respectively. The color change indicates that the coating of the polyaniline nanofibers is extended over the entire cotton and nylon fabric samples. The growth of the nanofibers is further confirmed by the optical and SEM images of the coated and uncoated fabrics. The mesh openings of both the pristine cotton and nylon fabrics are clearly seen in the optical images shown in Figures 5a and c , respectively, as well as the SEM images depicted in Figures 6a and c , respectively. The mesh openings cannot be seen in the optical images of the polyaniline nanofiber-based cotton and nylon fabrics shown in Figures 5b and d, respectively. This observation reveals that thin coatings of polyaniline nanofibers in the few-micrometer range are formed over the fabrics. Similar observations were obtained from the SEM images of the polyaniline nanofiber-based cotton and nylon fabrics, as shown in Figure 6b and d, respectively. It is evident from the SEM images that the polyaniline nanofibers are uniformly formed over the fabrics, producing uniform coatings. The fibrillar morphology of the polyaniline is observed to be maintained even after the coating. This is due to the consistent growth of the polyaniline nanofibers over the fabrics as they were dipped in the monomer solution for approximately 24 h, which results in the uniform coating of the aniline monomer over the fabrics followed by a stable reaction time of 36 h. A reaction time less than 36 h does not provide uniform coatings, and relatively little polyaniline was coated on the fabrics. In addition, the fibrillar morphology of the polyaniline is not well maintained using a low reaction time, as reported in our earlier work, 47 and all of these factors will result in a low EMI shielding effectiveness. A higher reaction time provides a larger polyaniline coating thickness, which delaminates while washing or drying the fabrics. Hence, only a small amount of polyaniline coating can be achieved, resulting in a low EMI shielding effectiveness. The polyaniline nanofibers coated over the fabrics during 36 h of reaction time are uniform and do not exhibit delamination, as is evident from the s.e.m. images. The addition of a reducing agent leads to the consistent and uniform growth of the polyaniline nanofibers over the fabrics due to the combined effect of all of the reaction conditions. 47 The presence of acid guides the self-assembled growth of the nanofibers by helping the monomer to form micelles, while the room temperature facilitates the reaction process and the stable reaction condition prevents the secondary growth of polyaniline. The fabrics thus act as substrates for the growth of polyaniline nanofibers, which provide a conducting coating over the individual fibers along with the formation of a conducting layer covering the interfiber and interweave regions. This reduces the microwavetransparent spaces, resulting in the development of fabrics with efficient EMI shielding. The thin coating of polyaniline nanofibers over the fabrics helps to maintain the mechanical properties of the fabrics. Similarly, uniform coatings were also obtained for the polyaniline nanofiber graphite composite-based fabrics due to the use of the same synthesis procedure.
The EMI shielding efficiency of these materials can be analyzed by measuring their EMI shielding effectiveness (EMI SE) and is determined by the combination of the amounts of energy reflected (reflection shielding effectiveness (SE R )) and absorbed (absorption shielding effectiveness (SE A )) by the material during the transmission of the electromagnetic wave. Thus, the EMI SE is given as SE R +SE A , where SE R and SE A can be calculated from the scattering parameters according to the following equations SE R (dB) = − 10 log (1 − S 11 2 ) and SE A (dB) = − 10 log [(S 12 2 )/ (1 − S 11 2 )], where S 11 and S 12 are scattering parameters. 57, 58 The frequency dependence of the EMI SE of the polyaniline nanofibers and their composite with a sample thickness of 1 mm in the X and Ku-band frequency ranges (8.2-12.4 and 12.4-18 GHz) is given in Figure 7 . The shielding efficiency is greatly improved by the addition of graphite, which may be due to the increased conductivity of the composite. The EMI SE increases from 71-77 dB to 83-89 dB with the addition of graphite to the polyaniline nanofibers in the measured frequency range. The conductivity of the pure polyaniline nanofibers is approximately 18.5 S cm − 1 , and it increases to 24 S cm − 1 by the addition of a very small amount of graphite (2.3 wt.%) to the polyaniline nanofiber matrix. The graphite, due to its good conducting nature and flake-like morphology, acts as a conducting link between the polyaniline nanofibers, which accelerates the charge transfer and leads to increased conductivity and good EMI shielding properties. 41 The EMI SE of polyaniline nanofibers and their composite are almost constant in this frequency range and slightly increases with the frequency. The behavior, as well as the value of the EMI SE, depends on SE R and SE A . The SE R and SE A performances of the polyaniline nanofibers and their composite in the frequency range of 8.2-18 GHz are also depicted in Figure 7 . The SE R of these composites is found to decrease with the frequency, while that of SE A shows an increasing trend with the frequency. The addition of graphite filler leads to an increase in both SE R and SE A , similar to the EMI SE. Functional cotton and nylon fabrics as millimeter-wave absorbers N Joseph et al
The SE R value of the polyaniline nanofiber graphite composite is found to be in the range of 18-13 dB, while that of the polyaniline nanofibers is 14-10 dB in this frequency range. Similarly, with the addition of graphite, the SE A value increases from 57-67 to 65-76 dB in the measured frequency range. It is found that the polyaniline nanofibers and their graphite composite exhibit an attractive EMI shielding response for a small sample thickness of 1 mm with a significant contribution from SE A . The solid-state absorption spectra of the polyaniline nanofibers indicate the presence of localized polarons that will interact with the incident electromagnetic radiation, leading to EMI shielding by absorption. 47 The presence of graphite improves the absorption-dominated shielding of the polyaniline nanofibers due to its conducting nature and flake-like morphology. 41 Hence, the absorption-dominated EMI shielding of the polyaniline nanofibers and their graphite composite is due to the combined effect of the conductivity of the composite, the measurement frequency range of GHz, and the morphologies of the polyaniline nanofibers and graphite, as well as the millimeter-range thickness of the shielding material. 52, [59] [60] [61] [62] The excellent EMI shielding properties of the polyaniline nanofibers and their graphite composite can attenuate nearly 100% of the EMI, making them attractive for many practical applications. The shielding properties of the pristine cotton and nylon fabrics and the polyaniline nanofiber and composite-based fabrics are shown in Figure 8 . The EMI SE values of both the pristine nylon and cotton fabrics of 0.1 mm thickness are negligible. Thin fabrics with an EMI shielding in the range of 11-15 dB are obtained with the growth of pure and graphite filler supplemented polyaniline nanofibers on these fabrics. The highest EMI shielding ability is shown by the polyaniline nanofiber graphite composite-based fabrics due to the relatively high EMI SE of the composite, as shown in Figure 7 . A one hundred-fold increase in the EMI SE is observed with the formation of polyaniline nanofibers and their composites on cotton and nylon fabrics. The variation of the SE R , as well as the SE A of these cotton and nylon fabrics with the frequency, is also shown in Figure 8 . These fabrics are also found to shield mainly by absorption, similar to the polyaniline nanofibers and their composite. The SE R of the polyaniline nanofiberbased fabrics (both nylon and cotton) in the measured frequency range is 3 dB, and the SE A is 8-9 dB. The values of the above parameters for the polyaniline nanofiber graphite composite-based fabrics are 4 and 10-11 dB, respectively. Thus, thin EMI shielding cotton and nylon fabrics of approximately 0.1 mm thickness that can attenuate the EMI by approximately 97% are achieved, and they are superior to many of the reported polyaniline-based fabrics in the same frequency range with respect to the EMI SE, thickness and synthesis procedure. 22, 23, 31 The EMI SEs of these fabrics do not show considerable variation with the frequency. Moreover, the method of preparation of the polyaniline nanofiber-based fabrics is very simple, as the fabrics can be synthesized by an in situ polymerization method without any structure directing agent or organic solvent at room temperature. This is an added advantage from the techno-commercial and industrial viewpoint. Thin, flexible natural and synthetic fabrics Functional cotton and nylon fabrics as millimeter-wave absorbers N Joseph et al based on polyaniline nanofibers and their composite were prepared and can provide a stable wide bandwidth for shielding applications, particularly for ESD shielding applications.
CONCLUSIONS
Flexible and lightweight EMI shields were developed by growing polyaniline nanofibers and their composite with graphite on cotton and nylon fabrics by an in situ polymerization method. The polyaniline nanofiber graphite composite was prepared by the addition of graphite flakes during polymerization with an aniline monomer-filler ratio of 4:1. The incorporation of the conducting filler results in the enhancement of the shielding properties of the polyaniline nanofibers and excellent EMI shielding in the range of 83-89 dB is obtained for the polyaniline nanofiber graphite composite over a wide frequency range of 8.2-18 GHz. The main shielding mechanism of the polyaniline nanofibers and their composite is absorption. The advanced fabrics that inherit the properties of the polyaniline nanofibers as well as those of the in situ incorporated conducting filler are thin (in the range of 0.1 mm) and exhibit EMI shielding in the range of 15 dB for polyaniline nanofiber graphite composite-based fabrics. Hence, flexible, thin, broadband shielding materials that can prevent approximately 97% of the EMI and are suitable for a broad range of shielding applications, particularly against ESD, have been successfully synthesized. These polyaniline nanofiberbased fabrics are prepared by a simple in situ polymerization route Functional cotton and nylon fabrics as millimeter-wave absorbers N Joseph et al
